Abstract: Conventional carbon fiber-reinforced plastics (CFRP) have extensively been used as structural elements in a myriad of sectors due to their superior mechanical properties, low weight and ease of processing. However, the relatively weak compression and interlaminar properties of these composites limit their applications. Interest is, therefore, growing in the development of hierarchical or multiscale composites, in which, a nanoscale filler reinforcement is utilized to alleviate the existing limitations associated with the matrix-dominated properties. In this work, the fabrication and characterization of hierarchical composites are analyzed through the inclusion of graphene to conventional CFRP by vacuum-assisted resin infusion molding.
Introduction
Conventional fiber-reinforced plastics (FRP) exhibit an excellent specific strength and stiffness, impact resistance, low weight, durability, and good chemical and environmental resistance. These characteristics have made them one of the most important materials for many structural applications, including aeronautical, automotive, renewable energy, sports equipment, construction materials, etc. [1] [2] [3] [4] [5] [6] [7] . Although they present excellent in-plane properties, the through-thickness behavior of FRP is weak, in particular, the interlaminar delamination resistance. Interlaminar delamination is a major challenge in the design of composite structures [8] . The main factor causing delamination in laminates is the weak fiber/matrix interface and the brittle nature of the resins. Several approaches have been explored to improve the interfacial adhesion, such as Z-pinning, stitching and braiding, but these processes are complex and expensive, and also tend to reduce the in-plane laminate performances, as they damage the primary fibers [9] . Another alternative is to increase the surface area and reactivity of the fibers through surface modifications, plasma treatment, thermal modification or chemical functionalization, but the increase in properties has usually been modest [10] [11] [12] [13] . In the last decade, there has been growing interest in the development of hierarchical composite materials, in which a nanometer-scale particle is incorporated into the conventional fiber composite material [14] [15] [16] . So far, the main nanoparticle used has been multi-walled carbon nanotubes (MWCNTs), because they have good mechanical properties and because their cost is lower than single-wall carbon nanotubes (SWCNTs). CNTs have been incorporated following two main procedures: (i) CNTs have been directly 2 of 8 mixed with the resin for subsequent infusion into the laminates, or (ii) CNTs have been directly attached onto the individual fibers by different techniques: (a) direct growth of CNTs on the fibers; (b) electrophoretic deposition; and (c) spraying. These studies have demonstrated that CNTs offer intra and interlaminar reinforcement, improving delamination resistance and out-of-plane properties without sacrificing the in-plane performance (see [14] for a review on the subject). Meanwhile, the use of graphene as nanoreinforcement for the development of hierarchical composites has not been widely studied [17] [18] [19] [20] . Graphene exhibits outstanding intrinsic properties, and has been shown to be an effective reinforcement of composite materials [21] [22] [23] . It has some advantages over carbon nanotubes, such as lower cost, larger surface area, functional groups on its surface, and easier processing. In addition, graphene does not increase the viscosity of the resin as much as carbon nanotubes do, enabling the incorporation of higher concentrations into the system.
The objective of this study is to analyze the effect of graphene on the morphology and mechanical properties of carbon fiber-reinforced epoxy composites prepared by vacuum-assisted resin infusion molding. The properties are compared to those of carbon nanotube-reinforced composites. Two routes were used for producing the hierarchical composites: (i) adding graphene directly to the resin by calender mixing, and (ii) depositing the graphene onto the carbon fiber surface by spraying.
Materials and Methods
The resin used in this study is a commercially available, two-component system based in an epoxy MGS RIM 135 (Hexion Inc., Columbus, OH, USA) and a curing agent composed of two amine hardeners, RIM H137 and RIM H134, in a 80:20 ratio. The resin and the hardener must be thoroughly mixed at a specified ratio of 100:30 in parts by weight. It is a very low viscosity system, especially suited for infusion processes. According to the supplier's specifications, the curing reaction is carried out at 80 • C for 120 min, and followed by a post-curing step at 130 • C for 90 min.
As nanoparticle, we selected commercial multi-wall carbon nanotubes with an average diameter of 9.5 nm, average length of 1.5 µm and a specific surface area of 250-300 m 2 g −1 , supplied by Nanocyl with the tradename of NC7000 (Nanocyl SA, Sambreville, Belgium), and an in-house synthetized thermally reduced graphene oxide (TRGO). The graphite oxide (GO) was prepared from commercial graphite following a previously described modified Hummers' method [24, 25] . Briefly, concentrated H 2 SO 4 (360 mL) was added to a mixture of graphite (7.5 g) and NaNO 3 (7.5 g) and followed by a careful addition of KMnO 4 (45 g). The solution was heated to 35 • C and stirred for 3 h. Finally, 3% H 2 O 2 (1.5 L) was slowly added to the reactor and stirred for 30 min and, subsequently, centrifuged (4000 rpm for 10 min). The remaining solid material was washed with deionized water, centrifuged until neutral pH and vacuum dried. The TRGOs were obtained by thermal exfoliation/reduction from GO at 1000 • C, as described elsewhere [26, 27] . Unidirectional (UD) carbon fiber tape of 12 k, density of 340 gr/m 2 , thickness of 0.45 mm, and width of 120 mm, was supplied by INP96 (INP 96 SL, Madrid, Spain).
The hierarchical composites were prepared using a vacuum-assisted resin infusion molding (VARIM), in which, two routes for incorporating the carbon nanoparticles were evaluated:
(i) adding the nanoparticles directly to the resin (polymer nanocomposite). The dispersion of the nanoparticles in the epoxy resin was carried out by means of a three-roll calender (EXAKT 80E, EXAKT Technologies, Inc. Oklahoma City, OK, USA), under the processing conditions described elsewhere [27] . The materials were prepared at two TRGO contents: 0.5 and 1 wt.% in relation to the epoxy resin content. In the case of MWCNTs, only 0.5 wt.% was added, because the viscosity increased dramatically. The hardener was then added in a stoichiometric ratio, and the mixture was degassed for 1 h at room temperature under vacuum.
(ii) depositing the graphene onto the carbon fiber surface by spraying (surface modified fiber). A dispersion of the nanoparticles in ethanol, at the desired concentration, was sprayed onto the surface of the fibers to add 0.5 and 1.0 wt.% of nanoparticles in the laminates. Then, the fibers are dried in an oven at 70 • C for 30 min to remove the solvent.
All hierarchical composites consist of 6 carbon fiber laminates of 250 mm length, 120 mm width, and 2 mm thickness. The carbon fiber content in the laminate is about of 75 wt.%. The fibers are arranged unidirectionally and the infusion is made in the direction of the fiber. The produced composites are described in Table 1 , and the nomenclature used is: method of incorporation of the nanoparticle: (C: calender, and S: Spray); type of nanoparticle: (G: graphene, and CNT: carbon nanotube) and nanoparticle concentration in the composite: 0.5 and 1 wt.%. Mechanical testing was done to determine the tensile properties of the composites measured in three orientations with respect to fiber direction, 0 • and 90 • according to American Society for Testing and Materials (ASTM) D3039 and ±45 • according to ASTM D3518. The interlaminar shear strength (ILSS) was also evaluated by short beam 3-point bending according to ASTM D2344. At least six laminates of each composite were tested.
Carbon fibers surface and composite fracture surfaces were observed using a Philips XL30 (FEI SA, Hillsboro, OR, USA) environmental scanning electron microscope (ESEM) at 15 kV. Figure 1 shows the surface of the carbon fibers modified by deposition of carbon nanoparticles. The spraying of the CNT dispersion on the fibers results in a matt black color more intense than graphene. In addition, CNTs adhere better to the surface of the fibers, and the laboratory paper is hardly stained by simple contact.
Results and Discussion
All hierarchical composites consist of 6 carbon fiber laminates of 250 mm length, 120 mm width, and 2 mm thickness. The carbon fiber content in the laminate is about of 75 wt.%. The fibers are arranged unidirectionally and the infusion is made in the direction of the fiber. The produced composites are described in Table 1 , and the nomenclature used is: method of incorporation of the nanoparticle: (C: calender, and S: Spray); type of nanoparticle: (G: graphene, and CNT: carbon nanotube) and nanoparticle concentration in the composite: 0.5 and 1 wt.%.
Mechanical testing was done to determine the tensile properties of the composites measured in three orientations with respect to fiber direction, 0° and 90° according to American Society for Testing and Materials (ASTM) D3039 and ± 45° according to ASTM D3518. The interlaminar shear strength (ILSS) was also evaluated by short beam 3-point bending according to ASTM D2344. At least six laminates of each composite were tested.
Carbon fibers surface and composite fracture surfaces were observed using a Philips XL30 (FEI SA, Hillsboro, OR, USA) environmental scanning electron microscope (ESEM) at 15 kV. Figure 1 shows the surface of the carbon fibers modified by deposition of carbon nanoparticles. The spraying of the CNT dispersion on the fibers results in a matt black color more intense than graphene. In addition, CNTs adhere better to the surface of the fibers, and the laboratory paper is hardly stained by simple contact. The carbon fiber surface shows no damage from ethanol spraying, as shown by scanning electron microscopy ( Figure 2 ). On the other hand, a homogeneous distribution of both nanoparticles is observed along the surface of the fibers. In the case of MWCNTs, a larger population of nanoparticles can be seen, interacting between adjacent fibers (Figure 2, middle) . The carbon fiber surface shows no damage from ethanol spraying, as shown by scanning electron microscopy ( Figure 2 ). On the other hand, a homogeneous distribution of both nanoparticles is observed along the surface of the fibers. In the case of MWCNTs, a larger population of nanoparticles can be seen, interacting between adjacent fibers (Figure 2, middle) . The tensile properties of the laminates in longitudinal (0°) and transversal (90°) direction to the fiber are shown in Table 1 . UD-CFRPs exhibit high anisotropy, which is clearly observed in a higher modulus and strength in the fiber direction. The mechanical properties measured at 0° show a fiber-dominated behavior and the failure in the laminate is induced by its own fracture. Therefore, the effect of the nanoparticles is practically negligible, and no statistically significant differences are observed. Similar results have been observed by other authors [28] [29] [30] , and even some [31] have reported a deterioration of the mechanical properties of the laminate through the addition of CNTs, due to a higher stiffness of the resin, which causes an increase in the stress around the broken fibers. Also, CNTs tend to form agglomerates, which act as microstructural defects, responsible for the appearance of premature failures in the material [30] . The tensile properties of the laminates in longitudinal (0 • ) and transversal (90 • ) direction to the fiber are shown in Table 1 . UD-CFRPs exhibit high anisotropy, which is clearly observed in a higher modulus and strength in the fiber direction. The mechanical properties measured at 0 • show a fiber-dominated behavior and the failure in the laminate is induced by its own fracture. Therefore, the effect of the nanoparticles is practically negligible, and no statistically significant differences are observed. Similar results have been observed by other authors [28] [29] [30] , and even some [31] have reported a deterioration of the mechanical properties of the laminate through the addition of CNTs, due to a higher stiffness of the resin, which causes an increase in the stress around the broken fibers. Also, CNTs tend to form agglomerates, which act as microstructural defects, responsible for the appearance of premature failures in the material [30] .
The tensile properties of the 90 • laminates with respect to the direction of the fiber do not show significant variations by the addition of the nanoparticles. We observed only a slight increase of about 8% in the tensile strength. Similar results were observed by other authors [30] [31] [32] , although in these studies, they observed an increase in ductility in the presence of nanoparticles. In transversal loads, the failure of the material is initiated in the resin itself or in the fiber-matrix interface. The authors suggested that CNTs could interfere with the failure mechanism, such as bridging, slip-through or partial debonding [30] .
SEM images of the fracture surface show a good fiber-matrix interaction and no areas of dry fibers, without resin, are found (Figure 3) .
For the orientation of the fiber at ± 45 • , the applied load is distributed between the fiber and the matrix. The carbon nanoparticles have a minor effect on the shear stress of the laminate (Table 1) ; however, they have a clear reinforcing effect on the shear modulus, G 12 . All laminates reinforced with carbon nanoparticles improve the shear modulus, achieving improvements of up to 20%. The reinforcing effect of the carbon nanoparticles depends on the method used for their incorporation. When mixed directly with the resin by calender, the reinforcing effect of graphene gradually increases with concentration. Unfortunately, this effect cannot be corroborated for CNTs, as the viscosity of the resin at 1 wt.% increased dramatically and hindered the infusion. At the same nanoparticle concentration, 0.5 wt.%, CNTs have a more reinforcing effect than graphene. However, when spraying is used, a different behavior is observed. The highest modulus is obtained with 0.5 wt.% of nanoparticle, decreasing at higher concentrations.
The tensile properties of the 90° laminates with respect to the direction of the fiber do not show significant variations by the addition of the nanoparticles. We observed only a slight increase of about 8% in the tensile strength. Similar results were observed by other authors [30] [31] [32] , although in these studies, they observed an increase in ductility in the presence of nanoparticles. In transversal loads, the failure of the material is initiated in the resin itself or in the fiber-matrix interface. The authors suggested that CNTs could interfere with the failure mechanism, such as bridging, slip-through or partial debonding [30] .
SEM images of the fracture surface show a good fiber-matrix interaction and no areas of dry fibers, without resin, are found (Figure 3) . For the orientation of the fiber at ± 45°, the applied load is distributed between the fiber and the matrix. The carbon nanoparticles have a minor effect on the shear stress of the laminate (Table 1) ; however, they have a clear reinforcing effect on the shear modulus, G12. All laminates reinforced with carbon nanoparticles improve the shear modulus, achieving improvements of up to 20%. The reinforcing effect of the carbon nanoparticles depends on the method used for their incorporation. When mixed directly with the resin by calender, the reinforcing effect of graphene gradually increases with concentration. Unfortunately, this effect cannot be corroborated for CNTs, as the viscosity of the resin at 1 wt.% increased dramatically and hindered the infusion. At the same nanoparticle concentration, 0.5 wt.%, CNTs have a more reinforcing effect than graphene. However, when spraying is used, a different behavior is observed. The highest modulus is obtained with 0.5 wt.% of nanoparticle, decreasing at higher concentrations.
It can be concluded that, in the calender mixing method, the optimal concentration of nanoparticles is limited by the increase in the viscosity of the resin; whereas in the spraying route, the limitation is given by the formation of agglomerates on the surface of the fiber. However, it would be of interest to analyze a wider range of concentrations, which would establish the optimal nanoparticle concentration in the hierarchical composite.
One of the main limitations of continuous carbon fiber composites is their low interlaminar shear strength (ILSS), due to a poor epoxy/fiber interaction. In the three-point bending tests on a short beam, the failure is expected to occur only by shear; however, it is a complex method and other failure mechanisms such as tensile or compression may occur. Figure 4 shows a representative stress-strain curve of the studied materials. A clear increase in load is observed at low deformations, then, it remains constant with the deformation, until it suffers a small drop in the value of the stress at higher deformations. This type of curve indicates that in addition to the interlaminar shear failure, there are other failure mechanisms that contribute to the breakage of the material, such as the appearance of microcracks in the resin ( Figure 5 ). Similar morphology is observed for all laminates. It can be concluded that, in the calender mixing method, the optimal concentration of nanoparticles is limited by the increase in the viscosity of the resin; whereas in the spraying route, the limitation is given by the formation of agglomerates on the surface of the fiber. However, it would be of interest to analyze a wider range of concentrations, which would establish the optimal nanoparticle concentration in the hierarchical composite.
One of the main limitations of continuous carbon fiber composites is their low interlaminar shear strength (ILSS), due to a poor epoxy/fiber interaction. In the three-point bending tests on a short beam, the failure is expected to occur only by shear; however, it is a complex method and other failure mechanisms such as tensile or compression may occur. Figure 4 shows a representative stress-strain curve of the studied materials. A clear increase in load is observed at low deformations, then, it remains constant with the deformation, until it suffers a small drop in the value of the stress at higher deformations. This type of curve indicates that in addition to the interlaminar shear failure, there are other failure mechanisms that contribute to the breakage of the material, such as the appearance of microcracks in the resin ( Figure 5 ). Similar morphology is observed for all laminates. All hierarchical composite materials show higher interlaminar strength relative to the unreinforced composite, reaching increases of more than 15% (Table 1 ). This increase in the value of the resistance can be attributed to a larger contact area between the carbon fiber and the matrix due to the presence of nanoparticles. This effect is more significant when carbon nanotubes were used as nanoreinforcement, probably due to the larger population of nanoparticles on the surface of the fibers.
As noted above, there is a clear difference in the optimal concentration of nanoparticles depending on the incorporation method. The interlaminar strength gradually increases with the nanoparticle content when using the calender mixing. While in the spraying procedure, the highest strength is obtained at concentrations of 0.5 wt.% for both nanoparticles, decreasing with increasing concentration. On the other hand, although the differences are not very significant, it does seem that the laminates prepared with the fibers modified superficially by spraying show a greater ILSS in comparison with those prepared by mixing in the calender. This improvement is similar to the results reported by other authors for hierarchical composites with CNTs [33] [34] [35] [36] .
Conclusions
Calender mixing and spraying have been shown to be two simple and scalable methods for manufacturing hierarchical composites. The surface modification of fibers by spray enables the incorporation of higher concentration of nanoparticles in the composite, while in calender mixing, the limitation is given by the increase in viscosity of the resin. A different trend is observed between the methods of incorporating the carbon nanoparticles; in the laminates prepared by calender mixing, the mechanical properties gradually increase with the nanoparticle concentration, while in All hierarchical composite materials show higher interlaminar strength relative to the unreinforced composite, reaching increases of more than 15% (Table 1 ). This increase in the value of the resistance can be attributed to a larger contact area between the carbon fiber and the matrix due to the presence of nanoparticles. This effect is more significant when carbon nanotubes were used as nanoreinforcement, probably due to the larger population of nanoparticles on the surface of the fibers.
Calender mixing and spraying have been shown to be two simple and scalable methods for manufacturing hierarchical composites. The surface modification of fibers by spray enables the incorporation of higher concentration of nanoparticles in the composite, while in calender mixing, the limitation is given by the increase in viscosity of the resin. A different trend is observed between the methods of incorporating the carbon nanoparticles; in the laminates prepared by calender mixing, the mechanical properties gradually increase with the nanoparticle concentration, while in sprayed laminates, the best properties are achieved at lower concentrations, probably due to the formation of agglomerates on the surface of the fibers at higher concentrations.
Although the dispersion of graphene is easier to infuse since the viscosity of the resin is lower, both carbon nanoparticles show a similar behavior on the mechanical properties of the laminate. The fiber-dominated in-plane performances are not significantly affected by incorporating carbon nanoparticles, but do have a positive effect on through-thickness properties.
There are critical issues that need to be optimized, as the control of the dispersion of nanoparticles, the viscosity of the resin, the presence of functional groups on the nanoparticle surface, or new routes for incorporating of nanoparticles. 
